Cell lines from neonate porcine testis were cultured and characterized and the effect of growth factors were investigated, in order to determine the requirements for the establishment of porcine male germ cell lines. In primary cultures, three different colony types with distinctive morphologies could be recognized. From colonies resembling mouse spermatogonial stem cells (SSCs), two cell lines were derived and maintained for nine passages after which proliferation stopped. Growth of these cell lines depended on the growth factors leukemia inhibitory factor (LIF), epidermal growth factor (EGF), glial derived neurotrophic factor (GDNF), and fibroblast growth factor (FGF). In both cell lines NANOG, promyelocytic leukemia zinc-finger (PLZF), and EPCAM, were expressed at higher levels and GFRA1, ITGA6, and THY1 at lower levels than in neonate porcine testis. Primary cultures of neonate pig testis were subjected to a factorial design of the growth factors LIF, GDNF, EGF, and FGF. EGF and FGF had a positive effect on the number and size of the SSC-like colonies. Addition of EGF and FGF to primary cell cultures of neonate pig testis affected the expression of NANOG, PLZF, POU5F1, and GATA4, whereas effects of LIF or GDNF could not be detected. FGF decreased the expression levels of NANOG, a marker for pluripotency also expressed in neonatal porcine male germ cells. FGF decreased expression of PLZF and enhanced the expression of pluripotency-related gene POU5F1 and Sertoli cell marker GATA4. EGF had a positive effect on PLZF expression levels and counteracted the positive effect of FGF on GATA4 expression. These results suggest that FGF can impede successful derivation of porcine SSCs from neonate pig testis.
Introduction
In developing mouse embryos, primordial germ cells (PGCs) originate from the proximal epiblast. PGCs concentrate at the base of the allantois and migrate via the hindgut mesentery towards the genital ridges (McLaren 2003) . After colonizing the genital ridges, male germ cells become gonocytes and, after birth, gonocytes migrate to the basement membrane and differentiate into spermatogonial stem cells (SSCs; Brinster 2002) . SSCs have a capacity of self-renewal and the potential to give rise to cell types that are committed to differentiate to spermatozoa in a complex process called spermatogenesis (Brinster 2002) . In mammals, SSCs are unique because they are the only adult stem cells that can contribute to the next generation. Recent developments have shown that mouse SSCs can be isolated from pre-pubertal and adult testes, and cultured long-term in vitro without losing the capacity to restore fertility of infertile mice by transplantation into testes depleted of germ cells (Kanatsu-Shinohara et al. 2003 , Kubota et al. 2004 . It has also been demonstrated that in these cells, prior to transplantation, genes can be targeted through homologous recombination, which is an alternative to embryonic stem (ES)-cell-based gene targeting for directed genetic modification in mice (Kanatsu-Shinohara et al. 2006) . In mammalian species other than mouse and human, where ample attempts to generate ES cell lines have had limited success, SSC based gene targeting is a promising technique for the production of transgenic offspring. Gene targeting would particularly mean a highly valuable tool in pigs because of their importance in agriculture and because the organ sizes and life span make pigs valuable model organisms for medical purposes.
Another interesting aspect of mouse SSC cultures is that in these cell lines ES-like cells are formed spontaneously. Pluripotency of these ES-like cells has been demonstrated by their capacity to contribute to germline chimeras (Kanatsu- Shinohara et al. 2004 , Guan et al. 2006 . Potentially, a similar approach could result in pluripotent ES-like cells from other species, such as pigs, from which pluripotent cell lines are not available yet.
Xenografting of testicular cells from a diversity of species has shown that porcine and other alien SSCs can colonize a recipient mouse testis (Dobrinski 2005) . This suggests a conserved mechanism of self-renewal for these cell types between mammals (Dobrinski 2005) . In the adult testis, Sertoli cells, Leydig cells, and peritubular myoid cells define a major part of the niche of SSCs. This microenvironment supports SSCs by providing essential external stimuli such as growth factor stimulation (Oatley & Brinster 2008) . In the testis, FSH stimulates Sertoli cells to produce glial derived neurotrophic factor (GDNF), an essential growth factor that supports SSC function (Tadokoro et al. 2002 , Naughton et al. 2006 ). In mice, SSC self-renewal depends on GDNF signaling through the RET tyrosine kinase/GFRA1 receptor complex (Naughton et al. 2006) . Self-renewal of SSCs in in vitro cultures depends on GDNF in combination with either basic fibroblast growth factor (FGF) or epidermal growth factor (EGF; Kanatsu-Shinohara et al. 2005) . Leukemia inhibitory factor (LIF), an important growth factor in mouse ES cells, has also been reported to be an essential growth factor that supports SSC-self renewal (Guan et al. 2006) . Proliferation of SSCs in vitro cultures is enhanced by the addition of FGF (Kubota et al. 2004) . For these reasons, SSCs are generally cultured in the presence of LIF, GDNF, EGF, and FGF. However, the presence of FGF, EGF, and LIF for the initial culture of testicular cells may also result in the overgrowth of somatic cells, such as fibroblasts, endothelial cells, and Sertoli cells (Guan et al. 2006 ). Furthermore, little is known about the contribution of these factors to stem cell function in other species than the mouse, and if the presence of these factors in primary cell cultures enhances the success in establishing SSC lines.
The aim of the current study was to culture and characterize porcine SSCs and to increase our knowledge on the growth factors required for the successful establishment of porcine SSC lines. Neonate porcine testis cells were cultured for nine passages and expression of SSC-specific and somatic genes and proteins were analyzed by quantitative real-time RT-PCR (qRT-PCR) and immunofluorescence. A factorial design experiment in which the presence of commonly used growth factors was tested on primary cell cultures revealed that basic FGF and EGF had considerable influence on colony formation and gene expression patterns. The positive effect of bFGF on somatic cell types potentially impedes successful derivation of porcine SSC lines.
Results
It has been demonstrated that, after transplantation, porcine male germ cells from neonate testis can colonize a mouse testis that has been depleted by spermatogonia by busulfan treatment (Goel et al. 2008) . This demonstrates the stem cell potential of porcine male germ cells and therefore neonate testes were regarded as a valid source for the current study. Seminiferous tubules from neonatal pig testes were dissociated ( Fig. 1A) and Nomarski-microscopy revealed the presence of germ cells in the cell suspension, which could be recognized by their high nuclear to cytoplasm ratio and the presence of prominent nucleoli. Cells were then cultured under conditions that have been previously shown to be suitable for the establishment and long-term culture of mouse SSC lines (Kanatsu-Shinohara et al. 2003 , 2005 . Porcine cell cultures were characterized by investigating the expression of germ cell markers and somatic cell markers of which the expression patterns in testis were known. Dolichos biflorus agglutinin (DBA) is a lectin with carbohydrate specificity towards a-linked N-acetylgalactosamine and is known to bind specifically to PGCs (Takagi et al. 1997) and to porcine gonocytes and primitive spermatogonia in the neonatal pig testis (Fig. 1B, Goel et al. 2007) . Primary cultures of porcine neonate testis cells also contained DBA lectin positive cells (Fig. 1C ). However, on the testis sections, some DBA binding to interstitial cells was also observed. Therefore, we also examined the expression of pluripotency-related transcription factor NANOG in cultures of porcine testis cells. It has been previously described that NANOG is expressed in porcine germ cells of the neonate testis (Goel et al. 2008 ). In the present study, we could confirm this finding. NANOG expression was observed exclusively in germ cells of neonatal testis using immunofluorescence ( Fig. 1D ). Therefore, NANOG was considered a valid marker and was used to discern germ cells from somatic cells in culture. In the current study, cells that expressed NANOG were observed in primary cell cultures that originated from neonate testis ( Fig. 1E and F).
Contrary to male germ cells, Sertoli cells express transcription factor GATA4 ( Fig. 1G , Ketola et al. 1999 , McCoard et al. 2001 , but most cells in the culture were negative for GATA4 ( Fig. 1H ), which suggests that these cells are not Sertoli cells. Peritubular myoid cells express alpha smooth muscle actin (ASMA; Fig. 1I , Tung & Fritz 1990 ), expression of which was observed in primary cultures of porcine neonate testis cells. Cells that did not express ASMA were also observed ( Fig. 1J ). These results indicate heterogeneity of the cell culture, which was further demonstrated by the presence of three different types of cell colony, each with distinct morphology that could be observed after w8-14 days of culture ( Fig. 2A, B and E). These colonies were not observed when cells were cultured in MEM-based ES medium, which in contrast with the SSC medium contains a high serum concentration (Fig. 2F ). These colonies did not form when the cells were cultured on mitomycin C treated mouse embryonic fibroblasts (MEFs; data not shown).
The first type of colony was detected in all cultures and consisted of polygonal cells growing in a monolayer ( Fig. 2A ). Cells of these colonies stopped proliferating shortly after transplantation of the colonies to new plates and could not be cultured further (data not shown). In these colonies, relative expression levels of NANOG, POU5F1 (OCT4), and GATA4 were lower when compared with the relative expression levels of these genes in neonate testis (Fig. 3) . Based on the expression levels, it is concluded that these colonies did not contain germ cells or Sertoli cells.
A second type of cell colony was only present at low numbers and in few cultures. In these colonies individual cells were difficult to recognize and, as such, these colonies grew as compact structures that were morphologically comparable to colonies derived from PGCs (Fig. 2B ). However, most cells of these colonies did not have alkaline phosphatase activity, which suggests that cells of these colonies are not equivalent to cell cultures derived from PGCs ( Fig. 2C and D) . Moreover, expression levels of NANOG, POU5F1, and GATA4 were lower in these colonies than in neonate testis ( Fig. 3 ), which indicates that these colonies were not composed of male germ cells or Sertoli cells.
The morphology of yet another colony type consisted of round proliferating cells on top of a monolayer of cells ( Fig. 2E ). This type of colony was abundant and resembled that of previously described SSC lines (Kanatsu-Shinohara et al. 2003 , Kubota et al. 2004 , Aponte et al. 2008 . These colonies were lost after two to three passages and colony formation was not observed when the cells were transferred to MEFs. Mouse SSCs can be maintained long-term under feeder-free conditions when cultured on laminin coated plates (Kanatsu- Shinohara et al. 2005) . We therefore examined the proliferative capacities of the porcine SSC-like colonies when cultured on laminin-coated plates. When cultured on laminin, cells from SSC-like colonies grew in a monolayer. (Fig. 2G ). Two SSC-like colonies, which originated from different isolations, were cultured for nine passages, and were referred to as pGS4 (#4) and pGS6 (#6). Every 4-6 days, approximately one-third of the cells were transferred to new laminin-coated plates when cultures reached 50-70% confluency. After nine passages, proliferation was reduced and cell culture was stopped.
The cell lines were further characterized by their gene expression patterns using qRT-PCR. Both cell lines expressed genes that are also expressed by porcine neonatal male germ cells and SSCs (Table 1) . NANOG is a transcription factor important for pluripotency of cells and expression has been demonstrated in germ cells of neonate porcine testis (Chambers et al. 2003 , Mitsui et al. 2003 , Goel et al. 2008 . NANOG expression levels were higher in pGS4 and pGS6 than in whole neonate testis as determined by qRT-PCR (Table 1) . Promyelocytic leukemia zinc-finger (PLZF) is a transcriptional repressor expressed in gonocytes and undifferentiated spermatogonia with a role in stem cell self renewal and maintenance of the stem cell pool (Costoya et al. 2004 ). PGS4 and pGS6 expressed PLZF at higher levels than whole neonate testis (Table 1) . EPCAM is a homophilic adhesion molecule expressed by undifferentiated germ cells and ES cells (Anderson et al. 1999) , and indeed Epcam expression has also been reported in mouse SSCs (Kanatsu- Shinohara et al. 2004) . EPCAM expression levels were higher in pGS4 and pGS6 than in whole neonate testis (Table 1) . POU5F1 is a homeobox transcription factor that plays an important role in pluripotency and in reprogramming somatic cells to a pluripotent state (Nichols et al. 1998 , Niwa et al. 2000 , Takahashi & Yamanaka 2006 . In the mouse male germ line, POU5F1 expression is maintained from PGCs until their development towards undifferentiated spermatogonia (Ovitt & Schö ler 1998 , Pesce et al. 1998 , Tadokoro et al. 2002 . Porcine gonocytes do not express POU5F1 protein (Goel et al. 2008 ). In the present study, POU5F1 expression was not detected in pGS4 and relative low levels of expression were observed in pGS6 (Table 1) . In the mouse, GDNF signaling through the receptor GFRA1 mediates self-renewal of SSCs (Naughton et al. 2006) . Expression levels of GFRA1 were lower in pGS4 and pGS6 than in whole neonate testis. ITGA6, ITGB1, and THY1 are cell surface markers that can be used to enrich for SSCs (Shinohara et al. 1999 , Kubota et al. 2003 . ITGA6 expression levels were lower in pGS4 and pGS6 than in neonate pig testis and ITGB1-expression levels were approximately equal between testis and cell cultures. In pGS6, THY1 expression was higher than in testis but in pGS4, THY1 expression was lower (Table 1) . When cells were transferred to medium without the growth factors LIF, FGF, EGF, and GDNF, these cells attached, but proliferation was not observed (Fig. 2H ). To further determine the effects of different commonly used growth factors in primary cell cultures of porcine testis cells a factorial design experiment was performed. For LIF, GDNF, EGF, and FGF (16 combinations; Table 2 ) the effects were determined on the number and sizes of SSClike colonies formed in culture. Ten days after culture initiation, low magnification images were made with a 
Figure 3
Relative mRNA expression levels of GATA4, NANOG, and POU5F1 in two types of colonies and in neonate porcine testis. For each gene, relative expression in neonate testis (NT) was set to 1. T1Zcolony type one that consisted of polygonal cells, TIIZcolony type two that resembled PGC-colonies and consisted of cells that were difficult to recognize individually. digital camera, which allowed analysis of the numbers and sizes of SSC-like colonies in each condition. EGF and basic FGF both had significant positive effects on the number of colonies and the total area covered by colonies ( Fig. 4 ). Colonies were bigger in the presence of EGF, as demonstrated by the significant effect of this growth factor on the area covered per colony. On the other hand, colonies that were grown in bFGF conditions were relatively smaller compared to those in conditions lacking bFGF ( Fig. 4) . No effects were detected for LIF and GDNF on the number of colonies or the area covered by these colonies.
Subsequently, the factorial design experiment was continued to determine the effects of growth factors on gene expression levels. We examined the effects of the growth factors on the expression levels of NANOG and PLZF, as indicators of germ cell proliferation. The effect of growth factor conditions on POU5F1 expression was also examined. In pigs, the expression of POU5F1, which is commonly used as marker for pluripotency, is absent in gonocytes (Goel et al. 2008 ). However, POU5F1 protein is expressed in inner cell masses and trophectoderm of porcine blastocyst stage embryos. Therefore, the expression of this gene was used to determine if a combination of growth factors would establish a more embryonic gene expression profile. Finally, expression levels of GATA4 were determined as indicator for Sertoli cell proliferation.
Basic FGF had a significant negative effect on the expression of the pluripotency gene and pig gonocyte marker NANOG (P!0.001). Relative expression levels of SSC-marker PLZF were also significantly lower in the presence of bFGF than in the absence of bFGF (P!0.01). Remarkably, expression of pluripotency related POU5F1 was enhanced by FGF (P!0.001; Fig. 5 ). FGF also had strong positive effects on the expression of Sertoli cell marker GATA4 (P!0.001). A two-way interactive effect was detected between EGF and FGF on the expression of GATA4, with EGF reducing the positive influence of FGF on the expression of this gene (P!0.05; Fig. 5 ). Furthermore, a significant positive effect of EGF on the expression of PLZF was observed (Fig. 5) .
No other interactive effects of the four growth factors on the expression levels of NANOG, PLZF, GATA4, and POU5F1 were observed. Rather surprisingly, LIF and GDNF did not have detectable effects on the expression levels of NANOG, PLZF, GATA4, and POU5F1 (Fig. 5 ).
Discussion
In mammals, gene targeting is largely restricted to mice, for the reason that in these species germline stem cell lines are available such as embryonic and SSC lines. If germline stem cell lines could be established from nonrodent mammals that would greatly facilitate gene targeting in these species. Particularly in pigs, targeted Table 1 Relative gene expression levels of genes (known to be expressed in mouse or porcine male germ cells) in two cell lines (#4 at passage 6 and #6 at passage 3) derived from neonate porcine testis.
For each gene, relative expression was compared to the expression levels in neonate testis (NT). K, no detectable expression; K/C, expression levels were relatively low; C, relatively moderate expression levels; CC, expression levels were relatively high. In this study the factorial design was as follows: aZLIF; bZGDNF; cZEGF; dZFGF; 0Zgrowth factor not added. Even though several surface markers have been identified in the mouse that can be used to enrich the number of SSCs using FACS or MACS, e.g. ITGA6, ITGB1, and THY1 (Shinohara et al. 1999 , Kubota et al. 2003 , none of these markers are restricted to SSCs. As a result, pure populations of SSCs have not yet been described (Oatley & Brinster 2008) .
After 8-14 days of culture in previously described SSC culture conditions (Kanatsu- Shinohara et al. 2003) , porcine neonate testis cells gave rise to SSC-like colonies ( Fig. 2E) . A similar period has been previously described for mouse and bovine SSC-cultures (Kanatsu- Shinohara et al. 2003 , Aponte et al. 2008 . In bovine cultures, the presence of SSC-like colonies seems to depend on the presence of germ cells (Aponte et al. 2008) . In MEMbased ES medium, we did not observe any colonies. This is in contrast with what has been described for bovine cultures, in which colonies were observed when MEM medium was used (Aponte et al. 2008) . This difference can be explained by the high concentration of serum in the MEM-based ES medium of the present study. Moreover, in the bovine study, more colonies were formed in SSC medium than in MEM-based medium (Aponte et al. 2008) , which is in agreement with the current study.
SSC-like colonies were lost after two to three passages, indicating that the ratio of germ cells:somatic cells declined during culture, as has been previously described for bovine cell cultures (Aponte et al. 2008) . When neonate porcine testis cells were cultured on MEFs, colony formation was not observed, which indicates that, under these culture conditions, somatic cells outperformed the germ cells.
From two independent primary cell cultures, SSC-like colonies gave rise to two morphologically similar cell lines. These lines were cultured for nine passages on laminin-coated plates and expressed various SSC markers. Variance in expression levels between both cell lines suggests that these were not equivalent. Especially, in pGS4, expression levels of NANOG, PLZF, and EPCAM were markedly higher than in testis, which indicates that this culture was relatively enriched for germ cells. On the other hand, GFRA1 was expressed at lower levels in both cell lines when compared with the expression levels in neonate testis. In mouse SSCs, it is known that GFRA1 mediates GDNF signaling and thereby supports SSC self-renewal (Naughton et al. 2006 ). The relatively low expression levels of GFRA1 in the porcine cell cultures could indicate that stem cell numbers are low. Absence of GFRA1 could also explain the lack of effect of GDNF on colony formation and marker gene expression. In the rat testis, expression of GFRA1 is not restricted to the stem cell population (Fouchecourt et al. 2006) . Moreover, selection for GFRA1-positive cells in mouse testes will only marginally result in enrichment for SSCs (greater than twofold) when compared with GFRA1-negative cells CZpresence of growth factor, asterisks denote significant differences between absence or presence of EGF and FGF on colony formation. KZabsence of growth factor, CZpresence of growth factor, (A-D) asterisks denote significant differences between absence or presence of the growth factor on the expression of that particular gene. (E) asterisk denotes significant effect on the expression of GATA4 of EGF in combination with FGF when compared with separate presence of EGF or FGF. (Buageaw et al. 2005) . In the adult mouse testis, GFRA1-positive cells have low stem cell activity (Ebata et al. 2005) . The expression pattern of GFRA1 in pig testis is unknown and therefore caution is necessary to use this gene as a marker for SSCs in pigs.
Cells from neonate mouse testes can give rise to SSCs and to pluripotent ES-like cells (Kanatsu- Shinohara et al. 2004 Shinohara et al. , 2008 . Successful derivation of such cell lines will greatly depend on the culture conditions. However, the effect of various growth factors on germ cells and somatic cells of heterogeneous primary cultures is largely unknown. Therefore, a factorial design experiment was performed to test the effect of commonly used growth factors on primary cell cultures derived from neonate pig testis.
In presence of EGF the number of colonies and the total area covered by colonies increased. Moreover, in the presence of EGF colonies grew bigger than in conditions without EGF. This is in contrast with previous findings describing a negative effect of EGF on colony size and no effect of EGF on colony numbers (Aponte et al. 2008) . However, as suggested by Aponte et al. (2008) such differences could be related to the age, species, cell density, and somatic cell population.
As determined by this factorial design experiment, FGF had a positive effect on the expression of POU5F1 in cell lines derived from neonate pig testes. FGF is an essential ingredient for the establishment of pluripotent EG cell lines from PGCs (Matsui et al. 1992 ). Furthermore, recent developments have shown that various combinations of the factors C-MYC, SOX2, KLF4, POU5F1, LIN28, and NANOG, can reprogram somatic cells to a pluripotent state. POU5F1 has been a key ingredient for this reprogramming to occur (Takahashi & Yamanaka 2006 , Maherali et al. 2007 , Okita et al. 2007 , Wernig et al. 2007 , Brambrink et al. 2008 , Stadtfeld et al. 2008 ). In the current study, the cell type (s) that showed elevated levels of POU5F1 were not identified.
In the current study, FGF had a negative effect on the expression levels of NANOG, a gene that is expressed in porcine gonocytes. This suggests that FGF impairs selfrenewal of germ cells in primary cell cultures of neonate pig testis. The decrease in expression could be a reflection of the progressive loss of NANOG in gonocytes with increasing age (Goel et al. 2008) , even though germ cell numbers increase. Alternatively, it could indicate that proliferation of male germ cells is not supported by FGF and that decreasing NANOG levels are a reflection of a decrease in the proportion of germ cells. However, the latter possibility is less likely, because in primary cultures of neonate testis cells from the rat, FGF had a positive effect on gonocyte proliferation (Van Dissel-Emiliani et al. 1996) .
NANOG was used as a marker for porcine male germ cells in this study. However, in the mouse, NANOG is not expressed in gonocytes, but in closely associated to pluripotent cell populations (Chambers et al. 2003 , Mitsui et al. 2003 . If NANOG plays a similar role in pluripotency of porcine cells remains to be determined, because in contrast with embryos from the mouse, NANOG does not seem to be expressed in the pluripotent inner cell mass of early porcine blastocysts (Kuijk et al. 2008) . Furthermore, NANOG expressing porcine gonocytes can colonize a recipient mouse testis without formation of teratocarcinomas, which is another indication that expression of NANOG in porcine cells does not necessarily reflect pluripotency of these cells (Goel et al. 2008) . Nevertheless, the observed decrease in expression levels of NANOG in primary cell cultures with FGF indicates that cells which have an expression program related to neonatal porcine male germ cells are progressively lost upon FGF signaling.
FGF also enhanced the expression of Sertoli cell marker GATA4. In a previous study, FGF has been identified as a potent mitogen of Sertoli cells (Jaillard et al. 1987 , Van Dissel-Emiliani et al. 1996 . Therefore, the enhanced levels of GATA4 expression are most probably caused by increased proliferation of Sertoli cells. EGF has also been described as a weak mitogen of Sertoli cells (Jaillard et al. 1987 ). In the current study, a one-way effect of EGF on GATA4 expression was not detected. Cells cultured in the presence of EGF and FGF expressed lower levels of GATA4 than cells cultured with FGF alone. In other words, EGF partially eliminated the positive influence of FGF on GATA4 expression. These findings suggests that for the isolation and culture of germ cells in the presence of FGF, addition of EGF can partially prevent the mitogenic effect of FGF on Sertoli cells, thereby limiting the contribution of this somatic cell type to the culture.
Remarkably, despite the power of using factorial designs in determining possible effects, GDNF and LIF did not affect the expression of NANOG, POU5F1, GATA4, or PLZF in primary cell cultures of pig neonate testis. Especially, for GDNF this is rather surprising, because GFRA1, the receptor that mediates GDNF signaling, is expressed in neonate testis as determined by RT-PCR (Table 1) . The porcine gene GFRA1 codes for a protein that has 94% identity with rat GFRA1 and 15 of the 28 amino acids that are different in pig GFRA1 are also present in human GFRA1. Just 13 amino acids (2.8%) are not present in rat or human. Because rat GDNF is known to cross-react with human it is unlikely that rat GDNF cannot bind porcine GFRA1. Therefore, the lack of effect of GDNF in porcine testis cell cultures suggests that the initial increase of germ cells and Sertoli cells that can be observed in pig testis from birth onwards (Franca et al. 2000) , does not depend on GDNF signaling. Porcine male germ cells express PLZF and NANOG and are positive for DBA lectin shortly after birth, but expression of PLZF and NANOG and DBA lectin affinity are progressively lost within the first few weeks after birth (Goel et al. 2007 (Goel et al. , 2008 . The correlation between age and the expression of PLZF and NANOG demonstrates that porcine germ cells experience dynamic changes between birth and puberty. Likewise, the responsiveness of male porcine germ cells towards GDNF might also increase between birth and puberty. A recent report describes the positive effects of GDNF on germ cell numbers in bovine SSC cultures (Aponte et al. 2008) . The sources of these bovine SSC cultures were testes from calves aged 4 to 6 months. Given the close relationship between cow and pig, it would be interesting to determine if GDNF has an effect on porcine germ cells that are derived from animals of an older age than used in the current study.
Recent studies demonstrate the importance of growth factors on stem cell behavior. Derivation of pluripotent cells from male germ cells is enhanced by the cytokine insulin-like growth factor-1 (IGF1; Huang et al. 2009 ) and addition of CSF1 to in vitro cultures enhanced SSC self renewal (Oatley et al. 2009) . Consequently, addition of CSF1 may facilitate the establishment of porcine germ cell cultures, whereas addition of IGF1 could help in the generation of pluripotent cell lines from porcine germ cell cultures. A factorial design experiment as conducted in the current study could help dissect the effect of growth factors such as CSF1 and IGF1 on porcine germ cell cultures.
Based on the potential of porcine germ cells to form colonies after transplantation, we assumed that the mechanism of self-renewal for these cells is conserved between species and that mouse SSC culture conditions could be applied for the derivation of porcine germ line stem cells. Here, we used the power of a factorial design to investigate the effects of LIF, GDNF, EGF, and FGF on primary cell cultures of pig neonate testis. We demonstrate that EGF and FGF had a large influence on the formation of SSC-like colonies and on gene expression patterns in these cultures. Putative positive effects of these growth factors on germ cell self-renewal seemed to be diluted by the positive effects these growth factors had on somatic cells. Future studies could use a similar approach, in combination with a functional assay such as xenogeneic transplantation to further analyze the effects of growth factor combinations on stem cell proliferation.
Materials and Methods
Cell isolation and cell culture Pig (Sus scrofa) testes of a mixed breed were obtained from day 3 to day 4 neonate piglets that underwent routine castration under local anesthesia at the farm 'de Tolakker' of the Faculty of Veterinary Medicine, Utrecht University. After collection in Hank's balanced salt solution (HBSS; Invitrogen), the tunica was removed and minced testis sections were treated for 15-30 min with 1 mg/ml hyaluronidase, 1 mg/ml collagenase type IV, and 1.4 mg/ml DNAse (all from Sigma-Aldrich) in HBSS at 37 8C. After washing with HBSS, the cells were treated for an additional 15 min with 1 mg/ml collagenase type IV and 1.4 mg/ml DNAse at 37 8C. Again, the cells were washed with HBSS and subsequently treated for 4 min with trypsin EDTA (Invitrogen) supplemented with 1.4 mg/ml DNAse. Next, enzymatic activity was blocked by addition of Iscove's modified DMEM (Sigma) with 0.5% BSA (Sigma-Aldrich). The resulting cell suspension was filtered with a 40 mm filter (BD Falcon, Erembodegem, Belgium) before culture. The cells were preplated on gelatin-coated culture plates by overnight incubation. The next day, floating cells were passaged to secondary culture plates that were not treated with gelatin. Cells were cultured in StemPro-34 SFM (Invitrogen) supplemented with StemPro Supplement (Invitrogen), 25 mg/ml insulin (Sigma), 100 mg/ml transferrin (Sigma), 60 mM putrescine (Sigma), 30 mM sodium selenite (Sigma), 6 mg/ml D-(C)-glucose (Merck), 30 mg/ml pyruvic acid (Sigma), 1 ml/ml DL-lactic acid (Sigma), 5 mg/ml BSA (Sigma), 2 mM L-glutamine (Sigma), 5!10 K5 M 2-mercaptoethanol (Sigma), MEM vitamin solution (Invitrogen), MEM non-essential amino acids (Invitrogen), 10 K4 M ascorbic acid (Sigma), 10 mg/ml D-biotin (Sigma), 30 ng/ml b-estradiol (Sigma), 60 ng/ml progesterone (Sigma), 1% FCS (Sigma), and the growth factors murine LIF (10 3 U/ml), GDNF (10 ng/ml), EGF (20 ng/ml), and bFGF (10 ng/ml; Kanatsu-Shinohara et al. 2003) . The cells were cultured on autologous feeders, MEFs or laminin-coated plates (Kanatsu-Shinohara et al. 2005) . Porcine cells from neonate testes were also cultured in mouse ES cell medium, which consisted of GMEM (Invitrogen), supplemented with 2 mM L-glutamine, 1! non-essential amino acids (Invitrogen), 0.1 mM b-mercaptoethanol, 1 mM sodium pyruvate, 10% fetal bovine serum and LIF.
For the factorial design experiment, freshly isolated cells were plated on gelatin-coated plates in standard SSC medium without growth factors or with any combination of LIF, GDNF, EGF, or FGF ( Table 2 ). The following day, unattached cells were transferred to uncoated plates. Every other day, half of the medium was replaced by fresh medium supplemented with the same combination of growth factors. After ten days, digital images were made, cultures were terminated and RNA was isolated with Trizol as described below. The entire factorial design experiment was repeated once.
Immunohistochemistry, immunofluorescence, confocal laser scanning microscopy, and AP staining
For immunofluorescence on testis sections, testis tissue was fixed overnight (o/n) in 4% paraformaldehyde (PFA) and embedded in paraffin the following day. Sections were cut at 5-7 mm and mounted on superfrost plus slides (Menzel, Braunschweig, Germany), which were dried o/n at 37 8C. For immunofluorescence, slides were deparaffinized in xylol and subjected to antigen retrieval by boiling the slides for 10 min in citrate buffer at pH 6. Following antigen retrieval, slides were permeabilized in TBS with 0.05% tween (TBST) and with TritonX100 (0.1%). Permeabilized slides were blocked for 1 h in TBST with 0.5% BSA (Sigma-Aldrich) followed by o/n incubation with the primary antibody (Table 3) in blocking solution at 4 8C. The following day, slides were incubated in the secondary antibody in blocking solution for 1 h at 4 8C, after which the slides were counterstained with TOPRO-3 (Invitrogen) and mounted in Vectashield.
Cells were cultured on chamberslides (LabTek/Nunc, Roskilde, Denmark) and subsequently fixed in cold methanol for 5 min, washed for 5 min in ice-cold acetone, and from there on, the above described staining procedure continued from the permeabilization step onwards. Fluorescent images were retrieved with a digital camera mounted on an epifluorescence microscope and with a Confocal Laser Scanning Microscope (Bio-Rad).
The presence of cells reactive to DBA lectin was determined by incubating slides with FITC-labeled DBA lectin (Sigma) immediately after antigen retrieval. Cultured cells were incubated in FITC-labeled DBA lectin immediately after fixation with 4% PFA. For alkaline phosphatase activity detection, cells were fixed for 30 min in 4% PFA and subsequently incubated in 2% NBT/BCIP (Roche) diluted in 0.1 M Tris-HCl (pH 9.5) with 0.1 M NaCl. As negative controls, cells were incubated in 2% NBT/BCIP diluted in 0.1 M Tris-HCl (pH 9.5) with 0.1 M NaCl and 5 mM levamisole (Sigma).
RNA extraction, RT, and quantitative real time PCR
RNA from neonate testis and cell cultures was isolated with Trizol (Invitrogen), according to the manufacturer's instructions. In an additional purification step immediately following phase separation, one volume of phenol:chloroform:isoamyl alcohol (Fluka, Sigma-Aldrich) was added to the aqueous phase. Subsequently, samples were mixed, incubated at room temperature (RT) for 5 min, centrifuged and incubated at RT for an additional 5 min. The aqueous phase was transferred to a new tube and put on ice. From here, the Trizol RNA isolation procedure was resumed, from the RNA precipitation step onwards. RNA was treated with 2 ml DNAse (2.75 Kunitz units/ml; Qiagen) for 20 min at 37 8C, after which the enzyme was inactivated by incubation at 65 8C for 10 min. Synthesis of cDNA was primed with random primers and RNA samples were reverse transcribed with Superscript III (Invitrogen) according to the company's instructions. For each RNA sample an equivalent mixture was prepared, from which Superscript III was omitted, to control for genomic DNA contamination. After cDNA synthesis, samples were stored at K20 8C before they were used in PCRs. Relative quantification of transcript levels was performed as previously described (Kuijk et al. 2007) . Primers were designed with Beacon Designer 4 (PREMIER Biosoft International, Palo Alto, CA, USA; Table 4 ). In all samples, the expression levels of four housekeeping genes (BACT, B2M, GAPDH, and PGK1) were examined with geNorm, to determine which of these housekeeping genes were stably expressed in all conditions (Vandesompele et al. 2002) . BACT was the least stable gene and B2M and PGK1 were the most stable genes. Therefore, these latter two genes were used as reference genes for the normalization of qRT-PCR data. For each sample, KRT negative controls were used in all reactions to exclude the possibility of mistaking genomic DNA for transcripts. The amplicons (10 ml) were run on 1% agarose gels and primer specificity was confirmed by sequencing of the products.
Statistical analysis
Data obtained with the factorial design were analyzed with SPSS v.15 software (SPSS, Chicago, IL, USA). A square root transformation was carried out on the expression data of NANOG, PLZF, GATA4, and POU5F1, after which these values displayed a normal distribution. Subsequently, a mixed model analysis determined the effects of the different growth factors on the expression levels of the different genes. The effects were visualized by displaying the estimated marginal means for the absence and presence of each growth factor. Table 4 Primers used for RT-PCR and quantitative real-time RT-PCR on porcine cells.
Gene
Forward primer Reverse primer T NANOG 5 0 -CCTCCATGGATCTGCTTATTC-3 0 5 0 -CATCTGCTGGAGGCTGAGGT-3 0 63.0 PLZF 5 0 -AAAGCGGTTCCTGGATAGTTTG-3 0 5 0 -GGTCTGCCTGTGTGTCTCC-3 0 54.4 EPCAM 5 0 -ACCAGAGAATGCTATCCAGAAC-3 0 5 0 -CTCACTCGCTCCAAACAGG-3 0 53.0 POU5F1 5 0 -GTTCTCTTTGGGAAGGTGTT-3 0 5 0 -ACACGCGGACCACATCCTTC-3 0 55.4 GFRA1 5 0 -ATAGACTCTAGTAGCCTCAG-3 0 5 0 -AGGGACTTGTTCTTGACC-3 0 53.8 ITGA6 5 0 -AAACGAGAAATTGCTGAAAGAC-3 0 5 0 -CACTAGAATGATCCACCAAGG-3 0 54.5 ITGB1 5 0 -ATGAGGAGGATTACTTCAGACTTC-3 0 5 0 -GCAGCCGTGTCACATTCC-3 0 53.2 THY1 5 0 -TCTCTTGCTAACAGTCTTG-3 0 5 0 -GGTAGTGAAGCCTGATAAG-3 0 54.4 B2M 5 0 -TTCACACCGCTCCAGTAG-3 0 5 0 -CCAGATACATAGCAGTTCAGG-3 0 59.5 BACT 5 0 -CATCACCATCGGCAACGAGC-3 0 5 0 -TAGAGGTCCTTGCGGATGTC-3 0 55.8 GAPDH 5 0 -TCGGAGTGAACGGATTTG-3 0 5 0 -CCTGGAAGATGGTGATGG-3 0 51.1 PGK1 5 0 -AGATAACGAACAACCAGAGG-3 0 5 0 -TGTCAGGCATAGGGATACC-3 0 56.4
Primers for NANOG, POU5F1, B2M, BACT, GAPDH, and PGK1 have also been used in previous studies Kuijk et al. (2007 Kuijk et al. ( , 2008 .
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